Introduction
Glutamate dehydrogenase (GDH) is present in all domains of life and is one of the most extensively studied enzymes at the biochemical and structural levels. These enzymes are generally reversible and catalyse either the reductive amination of 2-oxoglutarate (2-OG) to yield glutamate using NAD(P) as a cofactor, or the oxidative deamination of glutamate [1] (Fig. 1) . Because of the reaction it catalyses, the main role of GDH is glutamate catabolism and ammonium assimilation. However, other physiological roles for GDH have been described in some organisms, as we will see below. The synthesis of both glutamate and glutamine are key steps in the cell metabolism in all organisms, because they represent the only means of incorporating inorganic nitrogen into carbon backbones. Inorganic nitrogen is assimilated in the form of ammonium, which is incorporated as an amino group to glutamate or an amido group to glutamine. These amino acids in turn act as amino group donors for the synthesis of most nitrogen-containing compounds in the cell. In particular, the amino group of glutamate is used in the synthesis of purines, pyrimidines, amino sugars, histidine, tryptophan, asparagine, NAD and paminobenzoate. Therefore glutamate is a key element in the nitrogen flow, as it plays a role of nitrogen donor and acceptor.
Glutamate can be synthesized by two alternative routes: one involves catalysis of GDH in the aminating direction, but ammonium assimilation is also possible by the participation of two enzymes: glutamine synthetase (GS), and glutamate synthase, also named glutamine oxoglutarate aminotransferase or GOGAT (Figure 2 ). The disadvantage of this pathway is its extra energy requirement. Although GDH catalyses the reductive amination of 2-OG, it is noteworthy that because of its overall high Km for ammonium, this reaction can only be used for the synthesis of glutamate when the ammonium concentration is high (>1 mM). When the ammonium concentration is lower, ammonia is incorporated to glutamate mainly via the GS-GOGAT pathway. Generally, GDH activity is not necessary for cell growth, since most organisms can synthesize glutamate from glutamine and 2-OG using GOGAT. In fact, some bacteria naturally lack GDH and are neither glutamate auxotrophs nor affected in nitrogen assimilation. While the amination reaction provides nitrogen required for many biosynthetic pathways, the oxidative deamination reaction of GDH provides carbon to the tricarboxylic acid cycle (TCA) by conversion of L-glutamate to 2-OG and probably contributes to balancing the glutamine to glutamate ratio.
Plants and microorganisms can utilise several inorganic nitrogen sources with different oxidation states such as N2 (by nitrogen-fixing bacteria and archaea), nitrate or nitrite, by reducing them to ammonium, which is subsequently assimilated. After formation of glutamate, the α-amino group can be transferred to a wide variety of 2-oxo acceptors to give rise to amino acids. Also, the α-amino group can be transferred again to glutamate, when 2-oxoglutarate and other amino acids are available. These reactions are carried out by the reversible activity of aminotransferases (EC 2.6.1.x) (Figure 2 ). Plants and microorganisms can synthesize all carbon skeletons for their amino acids and incorporate the amino group to them by transamination using glutamine and glutamate as nitrogen donors. Incorporation of ammonium in animals also occurs through the GDH and GS/GOGAT pathways. However, higher organisms are unable to reduce oxidized forms of nitrogen to ammonium, to synthesize the structures of some branched or aromatic amino acids such as tryptophan or phenylalanine, or to incorporate sulphur into covalently bonded structures. They are, therefore, totally dependent on other organisms to convert oxidized forms of nitrogen into forms available for the organism, as well as to provide some essential amino acids ( Figure  2 ). These are supplied in the diet or are provided by bacteria from the intestinal tract.
In plants and microorganisms, the physiological roles of GDH include nitrogen assimilation [2] , glutamate catabolism [1, 3] , but also osmotic balance [4] and tolerance to high temperatures [5, 6] . In vertebrates, multiple biochemical pathways involve glutamate, which is also used as a neurotransmitter. The imbalance of the GDH activity may lead to disturbances of clinical relevance for humans [7] . Free ammonia is highly toxic to organisms that excrete urea as the main nitrogenous waste such as mammals, fish and adult amphibians, leading to inhibition of brain respiration and an excess ketone body formation from acetylCoA in the liver. To prevent these deleterious effects, GDH and some of the other enzymes that yield amino groups into the urea cycle are localized in the mitochondria. In the liver, glutamate is the source of excess ammonium release, and the concentration of glutamate modulates the rate of ammonia detoxification into urea. In pancreatic β-cells, the GDH is involved in insulin homeostasis, and oxidation of glutamate mediates amino acid-stimulated insulin secretion [8] . In the central nervous system, glutamate serves as a neurotransmitter and also as the precursor of the inhibitory neurotransmitter γ-aminobutyric acid (GABA), as well as glutamine, a potential mediator of hyperammonemic neurotoxicity [7] . Also, excessive glutamate signalling can lead to excitotoxicity, a phenomenon where over-activation of glutamate receptors initiates neuronal death [9] . The clinical importance of glutamate metabolism in β-pancreatic cells has been highlighted by the recent discovery of a dominantly expressed defect in glutamate metabolism, the hyperinsulinism/hypermmonemia syndrome (HHS). HHS was one of the first diseases that clearly linked GDH regulation to insulin and ammonia homeostasis [10] . Affected children suffer from recurrent hypoglycemia due to inappropriate secretion of insulin [10] [11] [12] . This syndrome is caused by the loss of the human glutamate dehydrogenase allosteric regulation (see below). 
Classification, evolution and structure of GDHs
Several GDH classifications have been done according to their size, oligomerisation state, coenzyme specificity or organism, among others. According to their cofactor specificity, there are three basic types of GDH: those that are cofactor specific for NAD (EC 1.4.1.2), those that are specific for NADP (EC 1.4.1.4) and those that can use either cofactor (EC 1.4.1.3) (dual coenzyme-specific GDHs). Lower eukaryotes and prokaryotes usually have GDHs that only function with one coenzyme whilst the enzymes that have dual coenzyme specificity are commonly found in higher eukaryotes. However, some dual-GDHs, have also been described in prokaryotes [5, [13] [14] [15] . Glutamate dehydrogenases from non-vertebrate animals differ from the GDHs of vertebrates in that they are mono-coenzyme specific and are not regulated by nucleotides [16] . In higher plants GDH is ubiquitous and also very abundant. A number of isozymes are usually present in a single species, some of them being inducible, which correlate with their abundance depending on environmental or nutritional conditions [17] . GDHs have also been characterized from a number of eukaryotic microorganisms with different coenzyme specificity such as fungi, (NAD + or NADP + ) [18] , algae (NAD + , NADP + or dual), protozoa (NAD + or NADP + ) and also different intracellular localizations (i.e. cytoplasmic, mitochondrial or in the chloroplasts) [19] .
According to the molecular weight of the monomer, three groups of GDHs can be distinguished: GDH50s (MW around 50 KDa), GDH115s (MW around 115 KDa) and GDH180s (MW around 180 KDa). All NADP and dual-GDHs reported so far belong to the GDH50 group, whereas there are representatives of NAD-GDHs in all of these groups. GDH115s have been found only in lower eukaryotes [20] [21] [22] , whilst the largest GDHs are present only in bacteria. GDH180s were first identified in actinomycetes [23] , but recently they have been also described in other Gram positive and Gram negative bacteria (see table  1 ). Most GDHs reported so far are homo-oligomeric enzymes, but they differ in the number of monomers that compose them. The majority of GDHs have a hexameric structure, as is the case of vertebrate GDHs, but tetrameric and even dimeric enzymes have also been found (see table 1 and references therein). Particularly, the most recently discovered family of prokaryotic GDH180s, have representatives of either hexameric [23, 24] , tetrameric [25, 26] and dimeric [27] enzymes. In addition, a couple of GDH50s composed of two different subunits in the form of a hetero-hexamer have been reported [28, 29] .
Analysis of the distribution pattern of gdh genes from all available sequenced genomes in the three domains of life reveal that all classes of gdh have been found in eubacteria and archaea and all but the large GDH have been found in eukaryotes. Both NAD + -and NADP + -dependent forms of GDH have been reported in higher plants, located in mitochondria and chloroplasts, respectively. The GDH enzyme is abundant in several plant organs, and its isoenzymatic profile can be influenced by dark stress, natural senescence or fruit ripening [30] . Genes coding for GDH seem to be absent in some archaeal genomes as well as in some of the smaller eubacterial and eukaryotic genomes. Among the organisms that do encode GDH, several genes coding for GDH may be found in the same genome. However, just one or two classes are represented, no genome has yet been shown to encode all classes. The distribution of gdh genes does not show any strong pattern that correlate with the phylogeny [56] . It was believed for some time that NAD-and NADP-GDHs were originated via single gene duplication [57] , but as genomes are sequenced and more gdh genes are identified this hypothesis has been ruled out. The analysis of phylogenetic distribution patterns of the gdh gene families provides strong support for numerous horizontal gene transfer events involving prokaryotes, as well as microbial eukaryotes. Differential gene loss, on the other hand, does not seem to have played an important role in the evolution of gdh genes in any of the three domains of life. Sequence comparisons for GDHs from a diverse range of sources show that the hexameric enzymes are similar whatever their coenzyme specificity [58, 59] . On the other hand, the tetrameric enzymes are less well understood because of a lower number of characterized tetrameric GDHs. Organisms bearing a tetrameric GDH, which have catabolic roles, also possesses a genetically distinct hexameric NADP-linked enzyme with a biosynthetic role. Mammalian GDHs represent a clear deviation from its ancestral forms, since they have the so-called antenna, a 48 amino acid insertion near the carboxy terminus, although it is not clear when this feature evolved. Sequenced genomes from Ciliates show that their GDHs present a smaller antenna from that of mammalians, although other members of the Protista, such as trypanosomes, have GDH almost identical to the bacterial forms. Ciliates are an evolutionary missing link in the GDH evolution [60] The structure of GDH of many eukaryotic and prokaryotic organisms has been considerably studied and characterized since the beginning of the 50s. As mentioned above, Most GDHs studied so far are homopolymers consisting of two to six subunits of molecular weight 40,000 to 60,000 (fungal NAD-specific GDHs and bacterial large GDH are exceptions). Most of the characterized GDHs are hexameric and the most common structure found is two trimers of subunits stacked directly on top of each other [61] [62] [63] . Some GDHs such as that from bovine liver, which is the best-characterized enzyme [1], may have higher order multimeric structures. This enzyme, which is a hexamer in solution, aggregates to form a high molecular weight species and this polymerization is promoted by a high concentration of enzyme, by high ionic strength and also by allosteric ligands or cofactors [64] . Since the local concentration of GDH in some tissues is very high, aggregation might be a regulatory mechanism of the activity in vivo.
Eukaryotic and prokaryotic GDHs share relatively high conservation in their primary and secondary structures [61] and the crystal structures of the bacterial [59, 65, 66] and mammalian forms [61, 63] of GDH confirm that the general architecture and the locations of the catalytically important residues have remained unchanged throughout evolution. Each subunit in this multimeric enzyme is organised into two domains separated by a deep cleft.
One domain directs the self-assembly of the molecule into a hexameric oligomer with 32 symmetry. The other domain is structurally similar to the classical pyridine nucleotidebinding domain but with the direction of one of the β-strands reversed. Upon glutamate binding, the enzyme can adopt different conformations by flexing about the cleft between its two domains. NAD + binds in an extended conformation with the nicotinamide moiety buried deep in the cleft between the two domains [59, 61, 63, 65, 66] . The bottom domains of each trimer make wide contacts with each other, while the NAD + -binding domains bearing the nucleotide-binding motif are poised at the top of the structure.
The largest structural difference between mammalian and bacterial GDH is the antenna, which has a helix-loop-helix conformation. The antenna ascends from the NAD + -binding domain surface via a long, 23-residue helix and then descends back with a random coil structure. The helices of the "antenna" domains in each subunit of the trimer wrap around each other with a right-handed twist to form the core of the antenna protrusion. Extensive contacts between "antennae" may represent hexamer interactions in solution and, perhaps, with other enzymes within the mitochondrial matrix [61] . The fact that antennae are only found in the forms of GDH that are allosterically regulated by numerous ligands leads to the interpretation that it plays a major part in this regulation. In contrast to the extensive allosteric homotropic and heterotropic regulation observed in mammalian GDH (see below), bacterial forms of GDH are relatively unregulated.
GDH enzymology and physiological role
As a reversible enzyme, GDH has the potential for catalysing the reaction in the biosynthetic, aminating direction, or in the catabolic, deaminating direction. The actual physiological reaction of each GDH depends on several factors, as the kinetic constants of the enzyme for its different substrates or the environment where the cell is developed may widely vary. In general, NADP + -GDHs usually operate in the biosynthetic direction, that is, synthesizing glutamate by the assimilation of ammonia into 2-OG [6, 31, 39, 40, 45, 67, 68] , whereas NAD + -GDHs have primarily a catabolic function, yielding ammonia and 2-oxoglutarate from the oxidative catabolism of glutamate [23, 24, 39, 68] (Table 1) . Sometimes, both enzymes are present in the same organism, and play a different physiological role due to their different kinetic properties or their different time or place of expression [27, 51, 69, 70] . Pseudomonas aeruginosa and presumably other members of the genus Pseudomonas have a NADP + -specific and a NAD + -specific GDH, and it has been hypothesized than the latter acts specifically in arginine catabolism by converting glutamate, a product of the ammonia-producing arginine succinyl transferase (AST) pathway, into 2-OG, since it is allosterically modulated by arginine (positively) and citrate (negatively) [25] . Similarly, the only active GDH from Bacillus subtilis (RocG, NAD + -dependent) appears to be involved in arginine and proline catabolism [46] . On the other hand, despite the catabolic function assigned to NAD + -GDHs, the existence of an NAD + -specific GDH with an unusual biosynthetic role has been reported in the oral bacterium Capnocytophaga ochraea [35] . In this case, it was found that only the NAD + -GDH ammonium assimilating activity could be detected in cell free extracts, probably due to the high concentration of ammonium and ammonium precursors that can be found in the gingival crevicular fluid. Interestingly, GDHs have been shown to play a substantial and even predominant role in nitrogen assimilation in conditions of N2 fixation in the Gram positive bacteria Bacillus macerans and Bacillus polymyxa [44, 45] . Nitrogen fixation only occurs under extreme nitrogen-limiting conditions, when nitrogen from other sources is very scarce. In these conditions nitrogen is always assimilated using the GS/GOGAT pathway, since the Km of GS for ammonium is much lower than that of GDH. This is not the case in B. macerans and B. polymyxa, as in these organisms the GOGAT activity is much lower than GDH activity in nitrogen-fixing cells. A NAD + -GDH involved in glutamate fermentation has also been described in the anaerobic Gram-positive bacteria Peptostreptococcus asaccharolyticus [54] . In this organism, GDH is the first enzyme of the glutamate fermentation via the hydroxyglutarate pathway, and can represent as much as 10% of total protein when grown on glutamate. Very high levels of GDH production has also been reported in some hyperthermophilic archaea like Pyrococcus furiosus or some Thermococcus strains [5, 6, 71] . These preferentially biosynthetic enzymes represent an exceptionally high percentage of total soluble protein of the cell, in some cases up to 20%, which suggests an important role of these enzymes in these organisms at an extremely high temperature for life.
Determination of the GDH enzymatic structure has allowed the elucidation of the mechanisms for allosteric regulation and negative cooperativity. The activity of glutamate dehydrogenase in animals is allosterically regulated by purine nucleoside phosphates and other metabolic intermediates. In brief, GTP and ATP are allosteric inhibitors whereas GDP and ADP are allosteric activators. Hence, a lowering of the energy charge accelerates the oxidation of amino acids. Their in vivo regulation may be dependent on the metabolic status of the cell, or in the tissue they are located. The intracellular compartmentalization of the cofactors, and the GDH itself, may also drive the reaction in one or the other direction. In vertebrate cells, GDH appears to be localized primarily in the mitochondrial matrix [1] . The effects of nucleosides on mammalian GDH are complex. For the bovine liver GDH, four binding sites per subunit have been described, being the active site (site I), the adenine nucleotide regulatory site (site II), the guanine nucleotide regulatory site (site III) and the reduced coenzyme regulatory site (site IV). Some substrate and effectors bind just the active site (glutamate, oxoglutarate, ammonia, NADP + ) while others are able to bind two different sites (NAD + , ADP, NAD(P)H) [19] One characteristic of microbial GDHs is the absence of the antenna structure that functions as a heterotropic allosteric site. In agreement with this, the vast majority of microbial GDHs do not appear to have this level of complexity in GDH modulation by purine nucleoside phosphates. However, some microbial GDHs also show homotropic and even heterotropic allosteric control, especially those from the GDH180 family. GDHs from Psychrobacter sp. TAD1, Streptomyces clavuligerus or Pseudomonas aeruginosa show positive cooperativity of substrate binding, a common feature associated with the complex regulation in vertebrate GDHs, but unusual in bacteria [23, 25, 37] . Furthermore, the Gram-positive bacterium Clostridium symbiosum displays an apparent negative cooperativity and inhibitory effect of the enzyme cofactor in certain conditions of pH and concentration [49] . On the other hand, heterotropic control, either positive or negative, has been found in an increasingly number of microorganisms. Accordingly, some aminoacids such as L-aspartate or L-arginine are positive allosteric effectors of NAD+-GDH from the psychrophilic bacterium Janthinobacterium lividum and P.aeruginosa [24, 25] , while nucleotides such as ATP or AMP modulate NADP+-GDH from Salmonella enterica sv. Typhimurium and NAD+-GDH from S. clavuligerus and Thiobacillus novellus [23, 40, 43] . In the latter case, AMP has been found to be actually an essential activator for S. clavuligerus GDH activity. Conversely, some microbial GDHs have allosteric inhibitors, such as TCA cycle intermediates in the archaeon Halobacterium halobium, in Salmonella enterica sv Typhimurium, and in P. aeruginosa [25, 40, 72] , or nucleotides such as ADP in the NAD + -GDH of Capnocytophaga ochraea [35] . Finally, the NAD + -GDH from the actinomycete Mycobacterium smegmatis is modulated by the small protein kinase GarA [26] .
Regulation of bacterial GDH gene expression
The diverse roles of bacterial GDH in different organisms provide for a variety of regulatory mechanisms. Here we show a few examples for selected bacteria in which transcriptional regulation of GDH genes has been characterized.
Regulation of GDH synthesis in the enterobacteria
Transcriptional regulation of the gdhA gene, encoding NADP-GDH, was first described in the diazotrophic enterobacterium Klebsiella pneumoniae, and then in Escherichia coli [73] . Transcription of gdhA is repressed in both enteric bacteria under nitrogen limitation by the general nitrogen control system (Figure 3,A) . This is consistent with the fact that low affinity for ammonium limits the use of GDH for glutamate synthesis at ammonium concentrations below 1 mM. The enterobacterial general nitrogen control (Ntr) system is a very well characterized signal transduction and regulatory network encompassing seven elements: the alternative σ factor σ 54 , encoded by rpoN, the uridylyl transferase-uridylyl removing enzyme GlnD, two PII signal transduction proteins, GlnB and GlnK, the two-component system NtrB-NtrC and the LysR-type transcriptional regulator Nac. Nitrogen status is signalled by the intracellular pools of glutamine (indicative of nitrogen sufficiency), and 2-OG (indicative of nitrogen limitation). These signals are perceived by the PII proteins by means of their reversible GlnD-dependent uridylylation in response to decreased glutamine levels and by allosteric modulation via 2-oxoglutarate binding. Interaction with PII proteins in either their uridylylated or deuridylylated states is responsible for posttranslational regulation of the activities of a variety of proteins involved in nitrogen metabolism, including glutamine synthetase, nitrogenase and the sensor kinase/phosphatase NtrB. Deuridylylated GlnB promotes NtrB-dependent dephosphorylation of NtrC under nitrogen excess [2, 74] . In nitrogen-limiting conditions, phosphorylated NtrC (NtrC-P) activates multiple σ 54 -dependent promoters, controlling the expression of over one hundred genes related in E. coli [75] . NtrC-regulated genes encode multiple functions related to nitrogen metabolism, including transport and utilization pathways for diverse nitrogen sources, the nitrogen fixation sensor-regulator pair NifL-NifA (in the diazotrophic Klebsiella pneumoniae), and the nitrogen regulator Nac. Transcription of Nac is initiated from an NtrC-activated σ 54 -dependent promoter and autorepressed [76, 77] . Nac in turn activates and represses a set of genes whose products are mostly related to nitrogen metabolism. Nac-activated genes include those involved in the catabolism of histidine, proline, urea and alanine, among others [78] [79] [80] . Notably, Nac represses the genes coding for the two enzymes that synthesize glutamate, gdhA, encoding GDH, and gltAB, encoding GOGAT [81] . Unlike most LysR-type transcriptional regulators, the activity of Nac is not modulated by the presence of a small ligand, and the protein is synthesized in its active form [79] . Thus, the nitrogen limitation dependency of Nac regulation exclusively reflects the increase in concentration under nitrogen limitation due to its transcriptional regulation. Nac is not present in many bacteria containing the Ntr system, and is conspicuously absent in the closely related and wellcharacterized S. enterica [82] . As the need for two different regulators (NtrC and Nac) has been questioned, Nac has been proposed to act as an "adaptor" that integrates genes transcribed from σ 70 -dependent promoters (which cannot be directly regulated by the activator of σ 54 -dependent promoters NtrC) into the general nitrogen control network [83] .
Transcription of the gdhA gene is repressed by Nac under nitrogen limitation in both E. coli and K. pneumoniae (in contrast, gdhA expression is not nitrogen-regulated in S. enterica). Nac exhibits two modes of transcriptional repression of the gdhAp promoter. "Weak" repression involves Nac binding as a dimer to the promoter region in a single site located at -100 to -75 relative to the transcriptional start site [84] . "Strong" repression is observed when a Nac tetramer is simultaneously bound to the aforementioned site, centered at -89, and a downstream site centered at +47. The proposed regulatory mechanism for "strong" repression involves Nac bending DNA, looping out the intervening region, and forming a repressor loop reminiscent of those formed by LacI and GalR at the lac and gal promoters, respectively [79] .
In addition to Nac-mediated repression, gdhA is subjected to positive regulation by a second LysR-type transcriptional regulator, ArgP. ArgP is an activator whose activity is antagonized by lysine. ArgP interacts with the gdhA promoter region at a single site between -100 and -50. Lysine inhibits interaction of ArgP with this site, thus preventing activation [85] . Activation is also prevented by Nac interaction with the overlapping binding site centered at -89, as both regulatory proteins bind in a mutually exclusive fashion. Thus "weak" repression is in fact the result of the antagonist action of Nac on ArgP-mediated activation [82, 85] . The role of lysine as a signal can be rationalized if one considers that glutamate must serve two roles in the cell, as both an amino group donor for over 80% of the nitrogenous compounds in the cell, and as a counterion to K + in osmotic pressure homeostasis. In order to sense the amount of glutamate being used for biosynthesis, the pools of one or more amino group acceptor may be used instead of glutamate itself. Lysine is likely one of those nitrogenous compounds that serve as surrogates for glutamate in signaling the extent of glutamate overflow from osmotic pressure homeostasis into the biosynthetic pathways for other nitrogenous compounds [85] . Consistently, gdhAp activity is decreased in rich media containing amino acids [81] , and lysine levels may be one of several signals that mediate the feedback regulation of gdhAp. However, the identity of other compounds that may fulfill this role is as of yet unknown. 
Regulation of GDH synthesis in pseudomonads
Little is known about the transcriptional regulation of GDH synthesis in most Gramnegative bacteria. However, the regulatory mechanisms behind gdhA regulation were recently revealed in the soil bacterium Pseudomonas putida [86] . Similarly to its enteric counterparts, P. putida represses gdhA expression during nitrogen-limited growth in a Ntr system-dependent fashion (Figure 3,B) . P. putida harbors a simplified general nitrogen control system that lacks the major PII protein, GlnB, and the transcriptional regulator Nac. In this scheme, the only PII protein, GlnK, controls the phosphorylation/dephosphorylation balance of NtrC in response to nitrogen availability using mechanisms likely similar to those found in the enterics [87] . In the absence of Nac, NtrC has been shown to directly regulate some of the functions that are controlled by Nac in the enterics, including activation of codB and ureD, encoding cytosine deaminase and urease respectively [88] , and repression of the GDH gene gdhA [86] . NtrC binds the σ 70 -dependent gdhAp promoter region cooperatively at four different sites, centered at positions -118, -95, -21 and +12 relative to the transcriptional start. While simultaneous occupancy of all four sites yields the maximal levels of repression, only the promoter-proximal I and II sites were found to be absolutely required for repression. A mechanism based on a repressor loop involving four NtrC dimers has been proposed for negative regulation of the gdhAp promoter in P. putida. Although repression is partially sensitive to the phosphorylation state of NtrC in vitro, in vivo evidence indicated that phosphorylation of NtrC is not required for efficient repression of the gdhAp promoter. Since NtrC synthesis is itself nitrogen regulated via the glnAp promoter, the increase in repressor concentration under nitrogen limitation appears to be the major determinant of nitrogen-regulated expression of gdhA in P. putida [86] .
Pseudomonas aeruginosa encodes two GDH enzymes, a NAD-dependent GDH encoded by gdhB, primarily involved in glutamate deamination to 2-oxoglutarate, and a NADP-dependent GDH, encoded by gdhA, primarily involved in ammonium assimilation. The catabolic enzyme is linked to the AST pathway for aerobic utilization of arginine as a carbon source. Glutamate is the end product of the AST pathway, and NAD-GDH serves the purpose of connecting arginine catabolism to the central metabolism via 2-oxoglutarate. Transcription of gdhB is activated by the arginine regulatory protein ArgR in response to the presence of arginine, which is also an allosteric modulator of the enzyme activity (Figure 3,C ). An ArgR binding site is found immediately upstream from the -35 box of the gdhB promoter. Induction of the expression of gdhB and activation of the encoded dehydrogenase by arginine serve to direct the flow of glutamate into the TCA cycle [25] . Conversely, transcription of gdhA is repressed by ArgR in the presence of arginine. Such repression could serve to minimize the operation of an energy-consuming futile cycle involving the simultaneous function of gdhA and gdhB when P. aeruginosa uses arginine as a carbon source. Repression of gdhA expression is exerted from a single ArgR binding site centered at position -41, and a simple steric hindrance mechanism has been proposed at this promoter [89] . Downregulation of gdhA expression by the Ntr system under nitrogen limitation has also been reported [90] , but the factors and mechanisms involved are uncharacterized. Since P. aeruginosa also lacks Nac, direct repression by NtrC similar to that observed in P. putida [86] , may also occur in this organism.
Regulation of GDH synthesis in Bacillus subtilis
The Bacillus subtilis genome contains two genes encoding GDHs, rocG and gudB. While RocG is an enzymatically active GDH, GudB is inactive, due to a duplication of three amino acid residues at its active center. Decryptification of gudB in a rocG background is achieved by high-frequency acquisition of a suppressor mutation consisting of the precise deletion of part of the 9-bp direct repeat that prevents activity [46, 47] . Both RocG and decryptified GudB are primarily catabolic dehydrogenases, and de novo glutamate synthesis in B. subtilis is performed exclusively by GOGAT.
Similarly to P. aeruginosa GdhB, RocG is not nitrogen-regulated and is linked to arginine and proline catabolism, as its expression is induced by arginine, ornithine and, to a lesser extent, proline. Transcription from the rocG promoter depends on the product of the Bacillus subtilis sigL gene, an ortholog of the alternative σ factor σ 54 [91] , and is activated by the UAS binding protein RocR in response to the presence of arginine, ornithine, or proline with the assistance of the arginine-dependent activator AhrC (Figure 3,D) . SigL, RocR and AhrC also control transcription of the two operons, rocABC and rocDEF, involved in arginine conversion into glutamate. In that regard, RocG-dependent deamination of glutamate to 2-oxoglutarate can be viewed as the final step in the use of arginine, ornithine, and proline as carbon or nitrogen, providing rapidly metabolizable carbon-or nitrogen-containing compounds for biosynthesis [92] . Interestingly, inducibility of RocG synthesis by arginine precludes growth on glutamate as the sole carbon source.
The most salient feature of the rocGp SigL-dependent promoter is the absence of an upstream activator sequence (UAS) for RocR. Instead, the UAS present at the rocAp promoter, located immediately downstream from the rocG coding sequence, is the cis-acting element essential for RocR-dependent activation of rocGp. This sequence has been shown to be active when placed upstream or downstream and as far as 15 kb away from the target promoter [93] . According to the general model of σ 54 -dependent promoter activation, RocR bound to its target sequence activates transcription by interacting with promoter-bound σ 54 -RNA polymerase by a mechanism that involves looping out of the intervening DNA sequences. The AhrC protein is also required for activation of rocG (as well as rocABC and rocDEF), and it apparently modulates the activity of RocR by means of protein-protein contacts [94] .
Unlike the arginine utilization operons rocABC and rocDEF, rocG transcription is subjected to carbon catabolite repression in the presence of glucose. Such repression is mediated by the regulatory protein CcpA. A cre (catabolite responsive element) site is located at positions +39 and +51, and is required for CcpA binding and rocGp repression. CcpA binding at this location prevents transcription from the rocGp promoter, but also acts as a roadblock for low-level readthrough transcription from an upstream promoter, which is relevant in the absence of both glucose and the cognate inducers [92] . As in other CcpA-regulated genes, CcpA-mediated repression requires the assistance of the accessory proteins HPr and Crh.
A final feature of the B. subtilis GDH RocG worth mentioning is its role in the regulation of the assimilatory glutamate synthase operon, gltAB. RocG belongs to a group of proteins designated "trigger enzymes", which have catalytic as well as regulatory functions. RocG interacts with the LysR-type transcriptional regulator GltC, which is the cognate activator of the gltAB operon. RocG-GltC interaction results in inactivation of the latter, which in turn prevents activation of the assimilatory glutamate synthase in conditions in which glutamate is already being synthesized from arginine-related amino acids or proline. This mechanism allows tight control of glutamate metabolism by the availability of carbon and nitrogen sources [95] [96] [97] .
Regulation of GDH synthesis in other Gram-positives
The Streptomyces coelicolor gene gdhA, encoding a NADPH-dependent GDH, is negatively regulated under ammonium limitation by GlnR (Figure 3,E) . GlnR is an OmpR-like transcriptional factor, which is the master regulator of nitrogen metabolism in S. coelicolor. This response includes activation of glnA, glnII genes, encoding two glutamine synthetases, and repression of gdhA, among others [98] . The GlnR regulon appears to be conserved in Mycobacterium and other actinomycetes. The nitrogen signal is transduced by a variation of the enterobacterial Ntr signal transduction system, including the PII protein GlnK and GlnD, which catalyzes adenylylation and deadenylylation of GlnK in response to the nitrogen status. GlnR activity is presumably regulated by phosphorylation, as it displays the conserved phosphorylatable aspartate residue present in many response regulators, but the identity of its sensor kinase is currently unknown [99] . GlnR exerts repression of the gdhA promoter region by binding at a conserved site centered at position -73, but the underlying mechanisms of repression are not yet understood [98] . Interestingly, synthesis of the regulator GlnR is repressed by the response regulator PhoP under phosphate limitation, thus providing a link between phosphorus and nitrogen metabolism in S. coelicolor [100] .
AmtR is a repressor of the TetR family, which acts as the global nitrogen regulator in the industrially relevant Corynebacterium glutamicum [Burkowsky, 2003] . Because of the high basal intracellular concentrations of glutamate and glutamine (up to 200 mM and up to 50 mM, respectively), C. glutamicum does not use these amino acid pools to sense nitrogen availability. Instead, ammonium is probably used to modulate the activity of the adenylyl transferase GlnD [101] . Adenylylated GlnK interacts with AmtR to release the repressor from its target promoters under nitrogen limitation. AmtR represses the expression of at least 35 genes, including glnA, encoding glutamine synthetase, gltBD, encoding glutamate synthase and the amtB-glnK-glnD operon, encoding a high-affinity ammonium transporter and the signal transduction proteins, GlnK and GlnD. GDH activity is high and relatively constant in different growth conditions [50] . Transcription from the gdhAp promoter is repressed 2-fold by AmtR (Figure 3,F) under nitrogen excess and interaction of AmtR with the gdhAp promoter region has been detected [102] . Intriguing as it may be, upregulation of GDH under nitrogen limitation does not appear to be physiologically relevant, as sufficient activity is present under the high ammonium concentration conditions in which GDH contributes to ammonium assimilation. Other transcription factors (FarR, WhiH and OxyR) have been documented to bind the gdhAp promoter region, but the relevance of these interactions is so far unknown [102] .
Involvement of GDH in biotechnological processes
In addition to the different physiological roles of GDHs from different bacteria in nitrogen assimilation, amino acid catabolism, osmotic balance or tolerance to high temperatures, GDH catalysis is crucial for a number of biotechnological processes. These include industrial production of glutamate by C. glutamicum and related species, which involves catalysis in the aminating direction, and production of aromas by lactic acid bacteria during cheeses ripening, which involves catalysis in the opposite direction.
Production of L-Glutamate by Corynebacterium glutamicum
C. glutamicum is a facultatively anaerobic, nonpathogenic, non-motile, biotin-auxotrophic, Gram-positive soil bacterium that was isolated more than 50 years ago in a screen for bacteria that excrete glutamate. Since then, derivative strains of this bacterium and related species have been isolated as glutamate producers, and industrial processes for biological glutamate production have been developed. Annual L-glutamate production is estimated to be over 2 million tons, with a continuously increasing demand (3% per year), above all in developing countries. L-glutamate is mainly used in food as a flavour enhancer.
In addition to its importance in industrial biotechnology, C. glutamicum has gained interest as a model organism for the Corynebacterineae, an industrially relevant suborder of the actinomycetes. Because of the academic and industrial interest, its physiology and metabolism have been deeply characterised, three research groups have independently determined the genomic sequence of C. glutamicum strains [103] [104] [105] , and global analysis techniques such as proteomics, transcriptomics, metabolomics and metabolic flux analysis have been used to obtain a holistic view of the glutamate production process.
C. glutamicum exponentially growing cells do not accumulate glutamate. However, glutamate production and excretion can be easily induced by an astonishing variety of treatments, which allow accumulation of glutamate in the culture medium to a concentration as high as 80 g L -1 . These include biotin limitation [106] , which was the first identified condition for glutamate overproduction, addition of fatty acid ester surfactants such as Tween 40 (polyoxyethylene sorbitan monopalmitate) or Tween 60 (polyoxyethylene sorbitan monoestearate) [107] , addition of certain β-lactam antibiotics such as penicillin [108] , use of glycerol-auxotrophic or fatty acid-auxotrophic strains [109] , use of temperature-sensitive strains cultured at higher temperature [110] , or addition of ethambutol, an inhibitor of cell wall arabinogalactan synthesis [111] . In spite of the apparent diversity of treatments to induce glutamate production and secretion, all of them have features in common and there is a unified view that glutamate production is triggered by environmental conditions that produce damage of the cell surface structures [112] [113] [114] .
Since C. glutamicum is a biotin auxotroph, supplementation of a defined medium with a limiting concentration of biotin in batch cultures results in reduced total biomass and concomitant glutamate production. Biotin is a co-factor of acetyl-CoA carboxylase, the first enzyme for fatty acid biosynthesis, and a reduction of this enzyme activity leads to changes in the fatty acid composition of the membrane. In support of this view, a mutation in dtsR1, which codes for the beta subunit of acetyl/propionyl-CoA carboxylase, requires fatty acids for growth and, when limited, overproduces glutamate even when grown with an excess of biotin [109] . On the contrary, amplification of its gene dosage resulted in reduction of glutamate production induced by biotin limitation, detergents or penicillin [115] . Glycerol limitation in mutants unable to produce it provokes similar membrane alterations due to the limitation of membrane lipid precursors. Besides the ubiquitous cell membrane, members of the genus Corynebacterium, together with Mycobacteria and Nocardia, have a special cell envelope structure, which consists of a second lipid layer containing mycolic acids, which has a highly ordered structure and plays an important role in determining solute fluxes [116] . Interestingly, mycolic acids of the outer lipid layer are covalently linked to an arabinogalactan layer, which in turn is covalently linked to the underlying peptidoglycan of the cell wall. This structure may thus be envisioned as one large macromolecule, the mycolyl-arabinogalactan-peptidoglycan complex. Treatments with ethambutol or penicillin clearly affect the structure of the cell envelope. The triggering effect of Tween 40 or Tween 60 (but not Tween 20 or Tween 80) may be due to alterations of the mycolic layer structure [112] although it may also affect the activity of acetyl-CoA carboxylase [113] , thus leading to cell envelope alterations.
It was thought for some time that all these treatments affecting cell envelope structure increased the membrane permeability, which would in turn allow leakage of glutamate. However, it is obvious that a specific carrier-mediated export is required, as the increase in the membrane permeability is specific for glutamate, not for other solutes, and glutamate is still exported against a concentration gradient. The glutamate transporter was identified by characterising mutants that produced and accumulated glutamate. All these mutants had substitution mutations or even an insertion mutation in the NCgl1221 gene, which codes for a product showing homology to mechanosensitive channels such as the E. coli yggB gene product [113] . The mutant alleles appear to code for a constitutively opened glutamate channel. Exchange of the wild-type allele for these mutant alleles led to glutamate overproduction and excretion without any inducing treatment, and rendered cells resistant to the L-glutamate analog 4-fluoroglutamate. Overexpressing wild type NCgl1221 did not result in constitutive glutamate excretion but led to increased glutamate production and excretion after the induction treatments. On the contrary, a deletion mutant lacking NCgl1221 could not excrete glutamate [113] . Therefore, opening the glutamate channel appears to be essential for glutamate production and export. In addition, this is the first response of C. glutamicum to membrane tension alterations, which triggers all other metabolic adaptations leading to efficient glutamate production. The NCgl1221 (yggB) product has 4 transmembrane segments, is located in the cytoplasmic membrane [117] and has been recently shown to work as a mechanosensitive channel able to increase the cell survival rate of Bacillus subtilis after osmotic down-shock [118] .
Although C. glutamicum has other potential ammonium assimilating enzymes such as alanine dehydrogenase or diaminopimelate dehydrogenase, their contribution to ammonium assimilation is very limited, according to the in vivo flux analyses [119] . C. glutamicum and related glutamate-producing species have GDH, GS and GOGAT. Thus, C. glutamicum assimilates ammonium, the preferred carbon source of most bacteria, either via GS/GOGAT or via GDH. As in many other bacteria, GS/GOGAT is the main ammonium assimilation pathway when its concentration is limiting, whilst GDH assimilate most of the ammonium when it is present in concentrations above 5 mM [120] . Under glutamate production conditions, which implies high ammonium concentration, the gltB and gltD genes encoding the GOGAT subunits, are fully repressed by ammonium and no GOGAT activity is detected [119, 121] . Therefore, the main glutamate producing enzyme in these conditions is GDH.
Production and excretion of large quantities of glutamate require glutamate export to the culture medium but also modification of metabolic fluxes to produce high amounts of glutamate. Metabolic flux analysis under exponential growth vs. glutamate producing conditions [119, [122] [123] [124] [125] , indicated significant changes in catabolic pathways ( Figure 4 ). Under non-growing, glutamate-producing conditions, glucose catabolism either via glycolysis or the pentose phosphate pathway was clearly reduced. Additionally, there was a significant redistribution of the fluxes at the 2-OG branch point between the TCA cycle and the glutamate biosynthetic pathway, that reduced the flux towards succinyl CoA formation about 2/3, with a concomitant increase in the reductive aminating reaction catalysed by GDH. The increase of the metabolic flux towards glutamate is not due to an increase in the 2-OG-producing isocitrate dehydrogenase (ICDH) or GDH activities because they remain constant [125] . In fact, increasing either ICDH or GDH activity by overexpressing their coding genes, did not affect glutamate production [123] .
The factor with greatest impact on glutamate production is a reduction of the 2-oxoglutarate dehydrogenase complex (ODHC) activity [123, 125] . During exponential growth, although sufficient GDH specific activity was observed, the flux catalyzed by GDH was very small because the Km value of GDH for 2-OG is much higher (approximately 50-fold higher) than that of ODHC. Once the ODHC specific activity was decreased after the triggering signals, 2-OG accumulated, and consequently, glutamate was overproduced by GDH. In spite of the initial report claiming that an odhA deletion mutant, which has no ODCH activity, overproduced and excreted glutamate [126] , there are a number of reports on odhA mutants with contradictory results. It appears that those OdhA mutants that overproduced glutamate had an additional mutation in Ncgl1221 (yggB) [113] , which clearly indicates that reduction or elimination of ODHC activity is necessary but not sufficient for glutamate overproduction.
Obviously, GDH activity requires the presence of sufficient concentration of its substrates. Paradoxically, most of the NADPH required for anabolic reactions is generated at the pentose phosphate pathway, which is reduced under these conditions. However, it appears that the reaction catalysed by ICDH provides sufficient NADPH to fulfill the demands of the GDH reaction. Similarly, glutamate production and excretion requires a continuous supply of carbon. This is achieved by an increase in the anaplerotic reactions that produce oxaloacetate. In C. glutamicum two reactions can yield oxaloacetate. One is the standard anaplerotic reaction catalysed by the phosphoenol pyruvate carboxylase (PEPc). The other is pyruvate carboxylase (Pc), which catalyses oxaloacetate production from pyruvate. Metabolic flux of PEPc remains constant in both conditions whilst the Pc flux, undetectable during exponential growth, is clearly increased in the glutamate-producing conditions upon addition of Tween-40 [124] . This suggests a relevant role of Pc in providing sufficient oxaloacetate for glutamate production. Despite this evidence, pyruvate carboxylase cannot be relevant for glutamate production when induced by biotin limitation, as biotin is also a prosthetic group of Pc. As expected, pyc disruptants lacking Pc can produce and excrete glutamate as the wild type strain [127] , indicating that PEPc may be sufficient to provide the required carbon under this particular inducing regime. How is ODHC activity decreased during glutamate production? ODHC is a complex composed of three different subunits: OdhA (E1), SucB (E2) and LpdA (E3). Many TCA cycle enzymes are regulated at transcriptional or posttranscriptional levels [128] . Activity of this complex is controlled by OdhI, a small protein (15,4 KDa) that binds OdhA (the E1 subunit). Induced glutamate excretion is virtually abolished in a OdhI deletion mutant, thus indicating that inhibition of ODHC activity through OdhI is critical for glutamate overproduction [129] . The OdhI function is regulated by phosphorylation by PknG, which phosphorylates and inactivates OdhI [130] , and dephosphorylation by Ppp. PknG deletion mutants showed higher glutamate production when induced by some treatments [129] , which is consistent with its role in controlling ODHC activity.
The main question is why do C. glutamicum cells excrete large amounts of L-glutamate when exposed to the mentioned induction treatments? Certainly, it does not appear that it is a response to metabolic changes since the inducing treatments do not imply changes in nutritional status. Since these treatments all affect cell surface structures and may therefore alter membrane tension, L-glutamate production may be the response to this membrane stress, as glutamate might function as a compatible solute to prevent cells from bursting. Thus, L-glutamate production by C. glutamicum may be a mechanism of adaptation to environmental changes affecting cell surface structures that starts by opening a glutamate export mechanosensitive channel, which in turn somehow triggers the metabolic adaptations (reduction of pentose phosphate pathway, reduction of ODHC activity, increase of the anaplerotic reactions) required to produce and excrete high amounts of glutamate. A similar role of L-glutamate in osmoprotection was also described for E. coli [131] , and confirmed by the osmosensitive phenotype provoked by mutations unable to activate gdhA in a GOGAT deficient background during osmotic upshift [4] . However, there are no reports on metabolic adaptations leading to glutamate production and excretion upon osmotic shock in this bacterium.
Aroma and flavour production by Lactic Acid Bacteria (LAB)
Accelerating or diversifying flavour development in cheese is of major economical interest since final flavour of cheeses partly determines the consumer's choice. Flavour formation occurs during cheese ripening, and is associated to non-starter lactic acid bacteria (NSLAB), adventitious microflora that occur in the milk or appear later during cheese manufacturing. After characterisation, some strains have been selected as flavour-producing adjunts and shown that cheeses with these adjunts are richer in free amino acids and have enhanced flavour intensity [132] . However, flavour development is a time consuming and expensive process that is still not well mastered, and selection of strains for cheese ripening is still an empirical process based on cheese trials with different strains and sensory analyses, that has had varying success [133] .
Amino acid catabolism, particularly that of aromatic amino acids, branched chain amino acids, and methionine, is a major player in flavour formation in cheese, especially in cheeses containing only LAB. Amino acid conversion to aroma compounds proceeds by two different pathways: (i) elimination reactions catalysed by amino acid lyases that produce different alcohols, and (ii) transamination reactions leading to different 2-oxoacids. The latter is the major pathway in LAB. The resulting 2-oxoacids are not responsible for flavour production but are then transformed to aldehydes, alcohols, carboxylic acids, hydroxy acids or methanethiol by additional steps that may be catalysed by the 2-oxoacid-producing LAB or by the inoculated starter LABs [134, 135] . Figure 5 shows the transaminations and further reactions leading to aroma compounds. It appears that the different flavours produced by different LAB strains depend on the proportion of the different 2-oxoacid produced and, therefore, on the relative aminotransferases activities [136] . Although lactococci have high aminotransferase activity, only very low and slow amino acid degradation occurs. Cheeses are rich in amino acids and peptides but the concentration of 2-OG is low. Supplementation of several types of cheeses with 2-OG led to a decrease in the levels of amino acids important for aroma development, which indicated that catabolism of these amino acids had been enhanced [137, 138] , and sensory analyses indicated that addition of 2-OG resulted in changes in creamy character, aroma intensity and fruity notes. These results clearly established that 2-OG availability is the limiting factor for the transamination reactions that convert aminoacids to aroma compounds and prompted scientist to look for sources of 2-OG.
Ocurrence of GDH in starter and non-starter LAB is heterogeneous, as just a few LAB strains show GDH activity. Some strains of the starter Lactococcus lactis have GDH activity but it is coded in a plasmid (pGDH442) rather than in its chromosome [139] . However, these GDH + strains are glutamate auxotrophs and cannot synthesize glutamate because of 2-OG limitation. The oxidative TCA cycle in these strains is interrupted at the isocitrate dehydrogenase step [140] , thus blocking the major source of 2-OG for most bacteria. Because of this, GDH can only be used for glutamate catabolism, and this reaction constitutes the major source of 2-OG in these strains. As shown in Fig. 5 , the GDH role in aroma development by LAB in cheeses is to catalyse the oxidative deamination of glutamate in order to replenish the 2-OG consumed by the transamination reactions. The importance of GDH in aroma production was initially shown by cloning and heterologous expression of the GDH gene from Peptostreptococcus asaccharolyticus into a GDH -strain of L. lactis, which resulted in an increase of amino acids degradation and, more importantly, an increase in the proportion of carboxylic acids, which are important aroma compounds [141] . This result is the proof of concept that GDH can substitute the exogenous 2-OG. Other reports describing the effect of GDH on aroma production have followed, including the natural transfer by conjugation of the gdh gene coded in the pGDH442 plasmid among LAB strains [142] . The relevance of this is that the resulting transconjugants are not considered genetically modified organisms and can be used in the food industry as starters or adjuncts.
An evident correlation between GDH activity and aroma production has been established for both mesophilic and thermophilic LAB [143, 144] . Because of this, the presence of GDH activity has been proposed as a criterion to select flavour-producing LAB strains for cheese ripening. The use of different LAB strains with different aminotransferases especificities together with the use of GDH to enhance the transamination reactions may represent an effective way of intensifying and diversifying cheese aromas.
